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In Brief Bhattacharya et al. show that the NMDA receptor GluN2C subunit is preferentially incorporated into triheteromeric GluN1/ GluN2A/GluN2C receptors in cerebellar granule cells. Triheteromeric GluN1/ GluN2A/GluN2C receptors have singlechannel properties that cannot be predicted from the composite subunits.
INTRODUCTION N-methyl-D-aspartate receptors (NMDARs) are members of the ionotropic glutamate receptor family that bind the co-agonists glutamate and glycine to mediate a Ca 2+ -permeable component of excitatory synaptic transmission. NMDARs are tetrameric complexes that contain two GluN1 and two GluN2 or GluN3 subunits and are involved in many critical processes in the CNS, including circuit development and memory formation (Cotman et al., 1987; Daw et al., 1993; Kentros et al., 1998; Lisman, 2003; Traynelis et al., 2010; Tsien et al., 1996) . The four different GluN2 subunits (GluN2A-D) endow NMDARs with divergent pharmacological and functional properties (Cull-Candy et al.,
2001
; Monyer et al., 1992 Monyer et al., , 1994 Paoletti and Neyton, 2007; Traynelis et al., 2010; Vicini et al., 1998; Watanabe et al., 1992) . Moreover, the GluN2 subunits are expressed differentially across the CNS (Akbarian et al., 1996; Monyer et al., 1994; Standaert et al., 1999) .
Most studies of recombinant NMDARs have focused on diheteromeric receptors that contain two copies of GluN1 and two copies of the same GluN2 subunit. However, two or more GluN2 subunits are expressed in most neurons (Buller et al., 1994; Cull-Candy et al., 2001; Landwehrmeyer et al., 1995) , and many native NMDARs appear to be triheteromeric assemblies of two GluN1 and two different GluN2 subunits (Al-Hallaq et al., 2007; Luo et al., 1997; Rauner and Kö hr, 2011; Sheng et al., 1994; Tovar et al., 2013) . Moreover, there is emerging evidence that triheteromeric receptors exhibit distinct functional properties compared with diheteromeric receptors Hatton and Paoletti, 2005; Stroebel et al., 2014; Tovar and Westbrook, 1999) , underscoring their relevance in physiology and development. For example, the best-studied triheteromeric receptor complex contains GluN2A and GluN2B and shows pharmacological properties distinct from diheteromeric receptors, with intermediate agonist potencies and a submaximal degree of inhibition at saturating concentrations for some modulators Hatton and Paoletti, 2005; Stroebel et al., 2014) . However, there is no comprehensive functional description of any other recombinant or native triheteromeric NMDARs.
Cerebellar granule cells are known to express both GluN2A and GluN2C after receiving mossy fiber synaptic input (in mice older than post-natal day 10 [P10]), and their NMDAR properties suggest that they contain the GluN2C subunit (Akazawa et al., 1994; Cathala et al., 2000; Lu et al., 2006; Takahashi et al., 1996) . However, the existence of triheteromeric GluN1/ GluN2A/GluN2C receptors in these cells has not been explicitly demonstrated. The GluN2A and GluN2C subunits are also coexpressed in the cortex of the rodent olfactory bulb, spinal cord, and locus coeruleus (Akazawa et al., 1994; Allgaier et al., 2001; Sun et al., 2000; Sundströ m et al., 1997) as well as the suprachiasmatic nucleus (Clark and Kofuji, 2010; O'Hara et al., 1995) , brain stem nuclei (Guthmann and Herbert, 1999) , hypothalamus (Al-Ghoul et al., 1997), thalamus (Wenzel et al., 1997) , and retinal ganglion cells (Lagrè ze et al., 2000) . Despite these reports of GluN2A and GluN2C co-expression in the CNS by detecting mRNA expression and subunit-selective antibody labeling, there is only a single description of glutamate and glycine potencies in Xenopus oocytes co-expressing GluN1, GluN2A, and GluN2C, in which the authors report an intermediate concentration that produces 50% of the maximal effect (EC 50 ) with variable Hill slopes (Wafford et al., 1993) . However, this study provides no data from neuronal NMDARs nor any quantitative analysis of the proportion of receptors with different stoichiometries, complicating the interpretation of receptor subtypes. Gradual incorporation of GluN2C subunits into synaptic receptors with age in cerebellar granule cells has been demonstrated (Cathala et al., 2000) , and it has been proposed that co-assembly of GluN2C with GluN2A in HEK cells can result in MK801 binding affinities similar to homogenized tissue (Chazot et al., 1994) . These studies point to the existence of functional triheteromeric GluN1/GluN2A/GluN2C receptors but do not address the relative abundance of diheteromeric and triheteromeric GluN2C-containing NMDARs in neurons.
Previous findings from our laboratory have shown that the GluN2C-selective positive allosteric modulator PYD-106 is sensitive to subunit stoichiometry, acting only on diheteromeric GluN1/GluN2C receptors with two copies of the GluN2C subunit and not on triheteromeric GluN1/GluN2A/GluN2C receptors (Kaiser et al., 2018; Khatri et al., 2014) . Thus, evaluation of the response of neuronal receptors to this compound and other GluN2C modulators (Mullasseril et al., 2010) could provide information about the relative proportion of native receptors that contain one or two GluN2C subunits. In addition, excision of outside-out patches that contain only a single receptor allows unambiguous determination of the functional properties of receptors with a single copy of GluN2A and GluN2C. We show that GluN2C in neurons overwhelmingly exists as a triheteromeric GluN1/GluN2A/GluN2C receptor that has unique singlechannel properties that affect neuronal function. These data shed new light on critical aspects of GluN2C function and expression in the presence of GluN2A, which advances our understanding of triheteromeric NMDARs in central neurons.
RESULTS

GluN2C Subunits Exist as Triheteromeric NMDARs in Cerebellar Granule Cells
To determine the subunit stoichiometry of GluN2C-containing NMDARs in neurons, we exploited two previously described subunit-selective allosteric modulators of GluN2C function that show differential sensitivity to GluN2 subunit composition. Pyrrolidinones, including PYD-106, selectively potentiate recombinant diheteromeric GluN1/GluN2C but not triheteromeric GluN1/GluN2A/GluN2C NMDARs . In contrast, GluN2C/2D-selective positive allosteric modulators such as (3-Chlorophenyl) [3,4-dihydro-6,7-dimethoxy-1-[(4-methoxyphenoxy) methyl]-2(1H)-isoquinolinyl]methanone (CIQ) act on both di-and triheteromeric GluN2C-containing NMDARs (Mullasseril et al., 2010) . To evaluate the expression of diheteromeric GluN1/GluN2C NMDARs and triheteromeric NMDARs that contain only one GluN2C subunit, we compared the effects of PYD-106 and CIQ on cerebellar granule cell current responses evoked by brief pressure-applied pulses of NMDA in acute cerebellar slices from wild-type mice. As a control, we confirmed the activity of the CIQ and PYD-106 we used on recombinant NMDARs (Table S1 ; STAR Methods). Granule cells in P16-P28 cerebellum express both GluN2A and GluN2C subunits (Akazawa et al., 1994; Cathala et al., 2000; Lu et al., 2006; Takahashi et al., 1996) . The glycine site agonist D-cycloserine (DCS) was used as a co-agonist in these experiments because it acts as a partial GluN1 agonist at GluN2A-, GluN2B-, and GluN2D-containing NMDARs (Hood et al., 1989; Watson et al., 1990) but is more efficacious than glycine at GluN1/GluN2C NMDARs (Table  S2 ; Dravid et al., 2010; Sheinin et al., 2001) . Granule cell responses to pressure-applied NMDA in the continuous presence of 30 mM DCS were modestly inhibited by 50 mM PYD-106 ; 84% ± 3.8% of DCS alone, n = 8 animals, p = 0.01), although PYD-106 can potentiate responses of recombinant GluN1/GluN2C in DCS . PYD-106 also had no effect on NMDA responses recorded from granule cells with glycine as the co-agonist (n = 3 animals, data not shown). In contrast, the GluN2C/2D-selective positive allosteric modulator CIQ (20 mM), which is active at both diheteromeric GluN1/ GluN2C and triheteromeric GluN1/GluN2A/GluN2C receptors (Mullasseril et al., 2010) , significantly enhanced granule cell responses (Figures 1C and 1D ; 141% ± 6.7% of DCS, n = 6 animals, p = 0.03). These data confirm that GluN2C-containing NMDARs are expressed in granule cells and suggest that functional NMDARs carry only a single GluN2C subunit, raising the possibility that diheteromeric receptors that contain GluN1/ GluN2C are rarely expressed on the cell surface of neurons in vivo when GluN2A is expressed in the same cell. Although our results do not directly address whether diheteromeric GluN1/GluN2A receptors exist when neurons express GluN2C, cerebellar granule cells retain a fast component of synaptic transmission at P21-P40 that is compatible with GluN1/GluN2A receptors (Cathala et al., 2000; Takahashi et al., 1996) .
To investigate whether functional diheteromeric GluN1/ GluN2C receptors can be assembled at the plasma membrane in neurons lacking GluN2A, we evaluated granule cell responses in cerebellar slices prepared from Grin2A À/À mice. Granule cell responses to pressure-applied NMDA and glycine in Grin2A
slices were potentiated by 50 mM PYD-106 (Figures 1E-1G ; 164% ± 17% of control, n = 8 animals, p = 0.008). Because PYD-106 only potentiates diheteromeric GluN1/GluN2C receptors ( Figure 3E ), these data suggest that diheteromeric GluN1/ GluN2C NMDARs are expressed on the cell surface in the absence of GluN2A. To confirm that the NMDAR response was not mediated by compensatory GluN1/GluN2B/GluN2C receptors, which might render GluN2C-containing triheteromeric receptors PYD-106-sensitive, we expressed GluN1/GluN2B/ GluN2C receptors in oocytes and confirmed that they were insensitive to PYD-106 ( Figure S1 ). As a negative control, we evaluated the sensitivity of NMDAR responses in granule cells from Grin2C À/À mice. As expected, granule cell responses in cerebellar slices were not altered by 50 mM PYD-106, confirming the specificity of this compound (Figures 1E-1G ; 90% ± 7% of control, n = 8 animals, p = 0.058). All granule cell recordings were terminated by applying 200 mM of the NMDAR antagonist DL-2-Amino-5-phosphonopentanoic acid (DL-APV), confirming that the current responses were mediated by NMDARs.
GluN2C Subunits Form Functional Triheteromeric, but Not Diheteromeric, NMDARs in Cultured Cortical Neurons To assess whether the apparent preference of GluN2C to coassemble with GluN2A is specific for cerebellar granule cells, we repeated the experiments using stoichiometry-selective modulators in cultured cortical neurons. We transiently expressed either GFP alone (control) or GluN2C and GFP in cortical neurons that endogenously express GluN2A and GluN2B subunits but not GluN2C or GluN2D (Mizuta et al., 1998) . We subsequently evaluated the effects of PYD-106 (50 mM) and CIQ (20 mM) on current responses to pressure-applied NMDA and glycine. PYD-106 did not potentiate NMDAR current responses in either GFP control or GluN2C-transfected cortical neurons (Figures 2A-2C ; 83% ± 0.6% and 89% ± 1.6% of control, respectively; paired t tests, p = 0.034, n = 5, p < 0.001, n = 5).
In the same cortical neurons, CIQ potentiated NMDAR-mediated currents in GluN2C-transfected neurons to 145% ± 9.4% of control ( Figure 2B ; paired t test, p = 0.04, n = 5) but had no effect in control cortical neurons ( Figure 2C ; 96% ± 4.6% of baseline, p = 0.4, n = 4). These data demonstrate that GluN2C was not endogenously expressed and that recombinant GluN2C was incorporated into functional NMDARs. DL-APV (400 mM) inhibited the current responses to 3.4% ± 0.7% of control, confirming that these were NMDAR-mediated responses. These data suggest that surface-expressed GluN2C is almost exclusively incorporated into triheteromeric receptors when introduced into cultured cortical neurons. To further explore the failure of PYD-106 to potentiate NMDAR-mediated currents in GluN2C-transfected cortical neurons, we tested whether PYD-106 or CIQ could potentiate NMDAR responses when currents mediated by GluN2B-containing receptors were blocked. We reasoned that blocking GluN2B-containing receptors, the majority of native receptors in these cells (Mizuta et al., 1998) , might reveal a small current mediated by diheteromeric GluN1/GluN2C receptors. If so, then PYD-106 should potentiate the residual ifenprodil-insensitive current. CIQ potentiated NMDAR current responses in GluN2C-transfected cortical neurons in the presence of ifenprodil (131% ± 5% of baseline, paired t test, n = 4, p = 0.03), in contrast to PYD-106 (Figures 2D-2F ; 72% ± 6% of baseline, paired t test, n = 5, p = 0.04). These data further suggest that surface-expressed GluN2C subunits, similar to native receptors in cerebellar granule cells, may only be present as triheteromeric receptors when they are co-expressed with GluN2A or GluN2B.
PYD-106 does not potentiate NMDARs with exon 5-containing GluN1 subunits . Therefore, the lack of PYD-106 potentiation could be due to inclusion of an alternatively spliced GluN1 exon 5 in cortical neurons. To test for exon 5-containing NMDARs, we examined spermine potentiation of native GluN2B-mediated current responses because exon 5 also blocks spermine potentiation (Zhang et al., 1994) . Spermine potentiated NMDAR currents to 142% ± 7.2% of baseline responses (paired t test, n = 3, p = 0.005; Figures S2A and S2B ), indicating that a large population of NMDARs do not contain GluN1 exon 5. These findings are consistent with the idea that recombinant GluN2C is not functionally expressed as diheteromeric NMDAR assemblies at the cell surface in cultured cortical neurons but that GluN2C preferentially resides in triheteromeric receptors.
Activation of Triheteromeric GluN1/GluN2A/GluN2C NMDARs Our neuronal studies raise the possibility that, in cerebellar granule cells and perhaps other neurons, the majority of GluN2C is present in triheteromeric assemblies with either GluN2A or GluN2B. However, there is virtually no information regarding the functional properties of GluN2C in triheteromeric NMDARs.
To assess the functional properties of GluN1/GluN2A/GluN2C receptors, we co-injected cRNA encoding GluN2A modified to contain coiled-coil domains and an endoplasmic reticulum (ER) retention signal (GluN2A C1 ), chimeric GluN2C with the sequence encoding the intracellular C-terminal replaced with that of our modified GluN2A (GluN2C C2 ), and GluN1 into Xenopus oocytes. The resulting GluN1/GluN2A C1 /GluN2C C2 receptors produced current responses activated by glutamate and glycine that were detectable 2-3 days post-injection. In addition to triheteromeric GluN1/GluN2A C1 /GluN2C C2 receptors, we expect that a small percentage of the measured current response arose from diheteromeric GluN1/GluN2A C1 or GluN1/GluN2C C2 receptors that reached the cell surface despite the absence of masking of the ER retention signal by the heterodimeric coiled-coil formation. To evaluate the fraction of total current that arose from diheteromeric receptors, we introduced two agonist binding site mutations to each GluN2 subunit that eliminate glutamate binding; these mutant subunits were referred to as GluN2A C1 (RK+TI) and GluN2C C2 (RK+TI). NMDARs require simultaneous binding of two glutamate molecules for channel gating (Benveniste and Mayer, 1991; Clements and Westbrook, 1991; Hansen et al., 2014) . Oocytes co-injected with GluN1, GluN2A C1 , and GluN2C C2 (RK+TI) could produce GluN1/GluN2A C1 , GluN1/ GluN2C C2 (RK+TI), and GluN1/GluN2A C1 /GluN2C C2 (RK+TI). Of these, only GluN1/GluN2A C1 will be active, and, thus, the current response can be expressed as a percentage of the current response of oocytes expressing GluN1/GluN2A C1 /GluN2C C2 to estimate the percentage current from GluN1/GluN2A C1 receptors that escaped the ER. Similarly, we co-injected GluN1, GluN2A C1 (RK+TI), and GluN2C C2 and determined the current response as a fraction of current through GluN1/GluN2A C1 / GluN2C C2 to estimate the percentage of the response potentially arising from diheteromeric GluN1/GluN2C C2 that escaped the ER. We restricted our analysis to experiments with escape currents below 10% for GluN1/GluN2A C1 /GluN2C C2 (RK+TI) and 2% for GluN1/GluN2A C1 (RK+TI)/GluN2C C2 ( Figure S3 ). On average, the experiments included here showed a summed escape current of 10%.
Using the above strategy, we evaluated agonist potency at GluN1/GluN2A C1 /GluN2C C2 receptors. Analysis of glutamate concentration-response curves in the presence of 30 mM glycine for GluN1/GluN2A C1 /GluN2C C2 yielded a glutamate EC 50 value of 1.3 mM, which is intermediate compared with GluN1/ GluN2A C1 /GluN2A C2 (2.9 mM) and GluN1/GluN2C C1 /GluN2C C2 (0.5 mM) ( Figure 3A ; Table 1 ). Analysis of the glycine concentration-response curves generated in the presence of 100 mM glutamate yielded a glycine EC 50 value of 0.48 mM for GluN1/ GluN2A C1 /GluN2C C2 , which is intermediate to those for GluN1/ GluN2A C1 /GluN2A C2 (1.1 mM) and GluN1/GluN2C C1 /GluN2C C2 (0.14 mM) ( Figure 3B ; Table 1 ). There was no significant difference in the Hill slope for diheteromeric or triheteromeric receptors for either glycine (Hill slope range, 1.2-1.6, p = 0.3) or glutamate (Hill slope range, 1.4-1.7, p = 0.2; one-way ANOVA with Tukey's multiple comparisons test), suggesting that the response of oocytes co-injected with GluN1, GluN2A C1 , and GluN2C C2 reflected a single population of receptors. Similar results were obtained when a mutation was introduced that removed the Mg 2+ block for GluN2C-containing receptors, allowing the escape current from diheteromeric GluN1/GluN2A receptors to be blocked by addition of Mg 2+ ( Table 1 ), confirming that the escape current did not contribute to the intermediate phenotype.
Effect of Endogenous Modulators on GluN1/GluN2A/ GluN2C NMDARs Endogenous modulators exert important effects on circuit function, but their actions on triheteromeric GluN1/GluN2A/GluN2C NMDARs are not known. Here we determined the effects of two endogenous ions, Zn 2+ and Mg 2+ , on GluN1/GluN2A/GluN2C
NMDARs. Extracellular Zn 2+ plays important roles in synaptic transmission in the brain through NMDAR modulation (Guilarte et al., 1995; Smart et al., 2004; Ueno et al., 2002; Westbrook and Mayer, 1987) and can inhibit GluN2A-containing NMDARs at concentrations in the low nanomolar range by increasing proton-mediated inhibition at physiological pH. This inhibition is voltage-independent and reflects Zn 2+ binding to a high-affinity binding site in the GluN2A N-terminal domain (Choi and Lipton, 1999; Erreger and Traynelis, 2008; Low et al., 2000; Paoletti et al., 1997 Paoletti et al., , 2000 Romero-Hernandez et al., 2016; Traynelis et al., 1998) . Zn 2+ only acts at GluN2C-containing NMDARs via a low-affinity binding site within the pore (Paoletti et al., 1997; Williams, 1996 
, and GluN1/GluN2C C1 /GluN2C C2 (2C C1 /2C C2 ) receptors in Xenopus oocytes. The DCS maximal response at 1,000 mM was compared to that of the glycine response at 30 mM in the presence of 100 mM glutamate for triheteromeric receptors and wild-type GluN1/GluN2A (2A WT) and GluN1/GluN2C (2C WT) receptors (D). The statistical evaluation is given in Table S2 . (E and F) Concentration-response curves for Zn 2+ at pH 6.8 (E) and Mg 2+ (F).
(G and H) Current-voltage relationships of NMDAR responses in different concentrations of extracellular Mg 2+ (G: 1 mM and H: 0.3 mM; Table S3 ).
Data are expressed as mean ± SEM.
show any inhibition at alkaline pH (8.4) for triheteromeric receptors activated by glutamate and glycine concentrations of 50 mM (data not shown). The Zn 2+ concentrations that produced 50% of the maximal inhibition (IC 50 ) at triheteromeric GluN1/Glu-N2A C1 /GluN2C C2 were 40 nM at pH 7.3 and 20 nM at pH 6.8, which were not significantly different from IC 50 values at GluN1/ GluN2A C1 /GluN2A C2 (Table 1 ; Figure 3E ). The extent of inhibition at saturating Zn 2+ showed no significant difference compared with GluN1/GluN2A C1 /GluN2A C2 at all pH levels (Table 1 ). These data suggest that the presence of a single GluN2A subunit in the triheteromeric NMDAR assembly is enough for Zn 2+ to exert its full inhibitory effect. Extracellular Mg 2+ produces a voltage-dependent channel block of NMDARs that enables the receptor to act as a coincidence detector of activity and synaptic glutamate release . The IC 50 value for Mg 2+ at À60 mV (62 mM) was intermediate for triheteromeric GluN1/GluN2A C1 /GluN2C C2 receptors compared with GluN1/GluN2A C1 /GluN2A C2 (26 mM) and GluN1/GluN2C C1 /GluN2C C2 (200 mM) receptors ( Figure 3F ; Table1). We analyzed the voltage dependence of Mg 2+ inhibition on NMDAR responses to 100 mM glutamate and 30 mM glycine in the presence of 0, 0.1, 0.3, and 1.0 mM Mg 2+ . The current responses of GluN1/GluN2A C1 /GluN2C C2 receptors were intermediate to those of GluN1/GluN2A C1 /GluN2A C2 and GluN1/ GluN2C C1 /GluN2C C2 receptors at corresponding voltages (Figures 3G and 3H ; Table S3 ). These data suggest that the pore, as expected, is influenced by both GluN2A and GluN2C subunits. The negative modulators for GluN2A (TCN-201; Bettini et al., 2010) and for GluN2C/GluN2D (DQP-1105; Acker et al., 2011) show unique sensitivity at GluN1/GluN2A/GluN2C receptors (Table S1 ).
Deactivation Time Course of Triheteromeric GluN1/ GluN2A/GluN2C NMDARs We determined the deactivation time course for triheteromeric GluN1/GluN2A C1 /GluN2C C2 as well as diheteromeric GluN1/ GluN2A and GluN1/GluN2C NMDARs in outside-out patches excised from oocytes. We compared the deactivation kinetics of responses to brief (5 ms) pulses of saturating glutamate (1 mM) in the continuous presence of glycine (100 mM). The time constant for glutamate deactivation (t) of diheteromeric GluN1/GluN2A (81 ± 8 ms, n = 6 from 4 frogs) was approximately 6-fold lower than the corresponding t of diheteromeric GluN1/ GluN2C (Figures 4A-4D ; 477 ± 40 ms, n = 8 from 4 frogs). Glutamate deactivation of triheteromeric GluN1/GluN2A C1 /GluN2C C2 was 301 ± 15 ms (n = 24 from 4 frogs), which is intermediate to the respective diheteromeric receptors (Figure 4 ). Thus, neither GluN2A nor GluN2C appear to dominate the deactivation kinetics of triheteromeric GluN1/GluN2A C1 /GluN2C C2 , in contrast to the deactivation time course of triheteromeric GluN1/ GluN2A/GluN2B receptors, which is dominated by the GluN2A subunit through inter-subunit allosteric interactions Sun et al., 2017) .
Open Probability of GluN1/GluN2A/GluN2C NMDARs To determine the open probability of agonist-bound triheteromeric NMDARs, we expressed GluN2A C1 and GluN2C C2 subunits with GluN1-A652C in oocytes and bath-applied 0.2 mM methanethiosulfonate ethylammonium (MTSEA) in the presence of 100 mM glutamate and 30 mM glycine (Wood et al., 1995; Yuan et al., 2005) . The open probability (P open ) for GluN1/GluN2A C1 / GluN2C C2 (0.03 ± 0.004, n = 12, p < 0.001) and GluN1/ GluN2A C1 /GluN2C C2 (NK) (0.04 ± 0.06, n = 13, p < 0.001) was an order of magnitude lower than GluN1/GluN2A C1 /GluN2A C2 (0.3 ± 0.02, n = 10). However, P open for GluN1/GluN2A C1 / GluN2C C2 was not significantly different from GluN1/ GluN2C C1 /GluN2C C2 (0.005 ± 0.001, n = 11, one-way ANOVA with Tukey's test). P open for wild-type GluN1/GluN2A (0.3 ± 0.01, n = 4) and GluN1/GluN2C (0.007 ± 0.001, n = 6) receptors were also similar to that of GluN1/GluN2A C1 /GluN2A C2 and GluN1/GluN2C C1 /GluN2C C2 receptors (Figures S4A-S4E ; Table  S4 ). These data suggest that, unlike GluN1/GluN2A/GluN2B The -symbol indicates not determined. Hill slopes ranged from 0.6-2.8. NE, no effect. a The mutation N624K was introduced into GluN2C C2 (STAR Methods), and responses were recorded in 1 mM extracellular Mg 2+ to reduce the leak current generated from expression of any GluN1/GluN2A C1 /GluN2A C1 receptors that reach the surface, which are sensitive to Mg 2+ ( Figure S3 ). triheteromers (Sun et al., 2017) , GluN2A is not dominant in terms of the open probability of GluN1/GluN2A C1 /GluN2C C2 receptors.
Single-Channel Properties of GluN1/GluN2A/GluN2C NMDARs We determined how single-channel properties of triheteromeric GluN1/GluN2A/GluN2C differed from diheteromeric GluN1/ GluN2A and GluN1/GluN2C receptors using outside-out patches pulled from HEK293 cells transiently transfected with GluN2A C1 , GluN2C C2 , and GluN1. Unitary NMDAR currents were evoked by 1 mM glutamate and 100 mM glycine. Patches were determined to contain a single channel when no double openings were observed, and analysis of opening frequency suggested a low probability (p < 0.001) of a multichannel recording (Colquhoun and Hawkes, 1990; Dravid et al., 2008 ; Figure 5 ). Records were idealized using time course fitting, and analysis of the total open time during the recording determined that GluN1/GluN2A C1 /GluN2A C2 receptors had an open probability of 0.17 ± 0.065 and a mean open time of 2.8 ± 0.56 ms (n = 3). Diheteromeric GluN1/GluN2C C1 /GluN2C C2 receptors had an open probability of 0.049 ± 0.025 and mean open time of 0.70 ± 0.060 ms (n = 7). We subsequently analyzed the unitary currents in patches with a single active channel obtained from cells co-transfected with cDNAs encoding GluN1, GluN2A C1 , and GluN2A C2 ; GluN1, GluN2A C1 , and GluN2C C2 ; or GluN1, GluN2C C1 , and GluN2C C2 . Three different receptor populations could be present in cells co-transfected with GluN1, GluN2A C1 , and GluN2C C2 , which include GluN1/GluN2A C1 /GluN2A C1 and GluN1/GluN2C C2 / GluN2C C2 as well as triheteromeric GluN1/GluN2A C1 /GluN2C C2 . We hypothesized that the single-channel properties of the triheteromeric receptors would be distinct from those observed for GluN2A and GluN2C receptors and, thus, searched for patches with properties different from diheteromeric channels. From this analysis, we identified 7 patches containing a single active channel with a unique open time and complex multi-conductance levels that were distinct from diheteromeric receptors, which, we conclude, were from GluN1/GluN2A C1 /GluN2C C2 channels in the patch. Because we restricted analyses to patches with a single active channel, the complex patterns could not have arisen from a mixture of channels with different stoichiometry.
The open probability of triheteromeric receptors calculated from the overall open time was 0.015 ± 0.0092, 11-fold lower than GluN1/GluN2A C1 /GluN2A C2 (p < 0.0001; Table 2 ) but similar to GluN1/GluN2C C1 /GluN2C C2 (p = 0.13; Table 2 ). The mean open time for the triheteromeric receptors was 0.84 ± 0.07 ms, significantly different from GluN1/GluN2A C1 /GluN2A C2 (p < 0.0001; Table 2 ) but similar to GluN1/GluN2C C1 /GluN2C C2 receptors (p = 0.8; Table 2 ). Open duration histograms for diand triheteromeric NMDARs were fitted with the sum of three exponential components, and shut duration histograms were fitted with the sum of six exponential components (Table 2) . This analysis revealed differences in the stability of the open state and the stability of the pre-gating steps (inferred from the three briefest shut time components). Both diheteromeric GluN1/GluN2A C1 /GluN2A C2 and triheteromeric GluN1/ GluN2A C1 /GluN2C C2 channels opened in prolonged bursts separated by long closed times (Figures 5A-5C (A) Normalized representative current responses to brief (<5 ms) application of 1 mM glutamate in the continuous presence of 100 mM glycine from outside-out patches excised from oocytes expressing of GluN1/GluN2A/GluN2A (blue), GluN1/ GluN2A C1 /GluN2C C2 (red), or GluN1/GluN2C/ GluN2C (green).
(B) Deactivation time constants for GluN1/ GluN2A/GluN2A and GluN1/GluN2C/GluN2C receptors were obtained by fitting the time course with a single exponential function. Deactivation time constants for GluN1/GluN2A C1 /GluN2C C2 receptors were obtained by fitting the response time course with the sum of three exponential functions.
(C) The total response from GluN1/GluN2A C1 / GluN2C C2 receptors is shown with the GluN1/ GluN2A/GluN2A and GluN1/GluN2C/GluN2C receptor components, which were simulated using the deactivation time constant determined from oocytes expressing GluN1/GluN2A/GluN2A and GluN1/ GluN2C/GluN2C receptors. The amplitudes of the diheteromeric contribution to the time course were set as the escape current measured from GluN1/GluN2A C1 /GluN2A C1 and GluN1/GluN2C C2 / GluN2C C2 receptors. The GluN1/GluN2A C1 / GluN2C C2 receptor component was isolated by subtracting the GluN1/GluN2A/GluN2A and GluN1/GluN2C/GluN2C receptor components from the total current. (D) Summary of deactivation time constants for the GluN1/GluN2A C1 /GluN2C C2 receptor component determined from 4 different batches of oocytes.
is apparent from the closed time histograms ( Figure 5D ). In contrast, there is no prominent slow component in the GluN1/ GluN2C C1 /GluN2C C2 histogram that separates open periods into clearly defined bursts of openings, and, thus, no burst analysis is possible ( Figure 5 ). Diheteromeric GluN1/GluN2A C1 /GluN2A C2 NMDARs opened to two levels with chord conductances of 75 pS (92%) and 58 pS (8%), assuming a reversal potential of 0 mV. Diheteromeric GluN1/GluN2C C1 /GluN2C C2 NMDARs also opened to two sublevels but with lower chord conductances of 47 pS (78%) and 29 pS (22%). In contrast, the triheteromeric GluN1/GluN2A C1 / GluN2C C2 receptors had three clear levels with chord conductances of 75 pS (29%), 59 pS (66%), and 44 pS (5%; GluN1/GluN2A C1 /GluN2A C2 , (B) GluN1/GluN2C C1 / GluN2C C2 , and (C) GluN1/GluN2A C1 /GluN2C C2 . Openings of diheteromeric GluN1/GluN2A C1 / GluNA C2 and triheteromeric GluN1/GluN2A C1 / GluN2C C2 NMDARs channels are clustered into bursts separated by inactive periods. In contrast, openings of diheteromeric GluN1/GluN2C C1 / GluN2C C2 NMDARs show no burst structure. (D) Representative open duration histogram from a one-channel outside-out patch for GluN1/ GluN2A C1 /GluN2A C2 (31,655 events), GluN1/ GluN2C C1 /GluN2C C2 (3,004 events), and GluN1/ GluN2A C1 /GluN2C C2 (2,737 events) NMDARs fitted by three exponential components. Also shown are representative shut duration histograms from GluN1/ GluN2A C1 /GluN2A C2 , GluN1/GluN2C C1 /GluN2C C2 , and GluN1/GluN2A C1 /GluN2C C2 NMDARs from single-patch recordings fitted with six exponential components.
tance for triheteromeric receptors (59 pS) was not significantly different from the lowest conductance level of GluN1/ GluN2A C1 /GluN2A C2 (58 pS) but was different from the highest conductance level for GluN1/GluN2C C1 /GluN2C C2 (47 pS). The lowest conductance state for the triheteromeric receptor (44 pS) was similar to the highest conductance state of diheteromeric GluN1/GluN2C C1 / GluN2C C2 (47 pS). The lowest diheteromeric GluN1/GluN2C C1 /GluN2C C2 conductance level (29 pS) appears to be unique (ANOVA for all, Tukey post-test, p < 0.05, Holm-Bonferroni correction for family-wise error). These data raise the possibility that different conductance levels of the triheteromeric receptor are differentially influenced by GluN2A and GluN2C subunits.
We identified 6,733 direct transitions between two different conductance states for diheteromeric GluN1/GluN2C C1 / GluN2C C2 . We previously observed an asymmetry in transitions between sub-conductance levels for GluN1/GluN2C receptors (Dravid et al., 2008) . Consistent with this finding, direct transitions from the high to the low diheteromeric GluN1/GluN2C C1 / GluN2C C2 sub-conductance states occurred in 65% ± 1.2% of the consecutive openings, whereas 35% ± 1.2% of the direct transitions were from the low to the high sub-conductance state.
We identified 1,783 direct transitions between the three different conductance levels in our triheteromeric receptor recordings. When openings showed direct sublevel transitions, 32% ± 1.6% of all openings were to the 75-pS level, 51% ± 2.0% were to the 59-pS state, and 17% ± 2.1% were to the 44-pS level (Figure 6) . Thus, the triheteromeric receptors that show direct sublevel transitions open 3-fold more often to the lowest (44-pS) conductance level than when channels directly open to and close from a single level (Table 2 ). In contrast to direct transitions that include the 75-pS level, an apparent asymmetry exists for transitions between the two lowest conductance levels, with almost twice as many transitions occurring between 59 to 44 pS than from 44 to 59 pS ( Figure 6 ). This asymmetry suggests that the lowest levels share properties with GluN1/GluN2C channels (Dravid et al., 2008) and provides clues about how the two subunits contribute to the pore properties of triheteromeric receptors as the various subunits undergo conformational changes that precede channel activation.
DISCUSSION
In spite of their abundant and ubiquitous expression in the CNS, pharmacological and physiological properties of triheteromeric NMDARs that contain two distinct GluN2 subunits largely remain unknown (Al-Hallaq et al., 2007; Luo et al., 1997; Rauner and Kö hr, 2011; Sheng et al., 1994) . Lack of tractable approaches to express triheteromeric NMDARs of known subunit composition in heterologous systems is a principal reason for the deficit of experimentation on triheteromeric receptors (Javitt and Zukin, 1991; Paoletti and Neyton, 2007; Traynelis et al., 2010; Tu et al., 2010; VanDongen, 2008) . Nevertheless, studies continue to highlight important roles of triheteromeric receptors in CNS function (Gray et al., 2011; Rauner and Kö hr, 2011; Soares et al., 2013; Tovar et al., 2013) . A recently developed system that controls the stoichiometry of triheteromeric assemblies on the cell surface has provided a means to overcome the stumbling block of specific triheteromeric NMDAR expression, allowing a detailed investigation of their function .
We have evaluated the subunit composition of native triheteromeric NMDARs and used bioengineered receptors that form triheteromeric assemblies to study receptors that contain both GluN2A and GluN2C. The most important finding of this study Values are mean ± SEM. Time constants and relative areas are for maximum likelihood fits of the open and shut duration distributions with the sum or 3 to 6 exponential functions. Chord conductances were calculated assuming a reversal potential of 0 mV. Burst properties were calculated using a critical time (Tcrit) determined for each patch to optimally separate the two slowest components of the shut duration histogram. ND, not determined. *p < 0.05, significantly different from GluN1/GluN2A C1 /GluN2A C2 , ANOVA, Tukey post hoc, Holm-Bonferroni correction for family-wise error. The power to detect an effect size of 1 was 0.9.
is that most GluN2C subunits appear to be expressed in tetramers with GluN2A in cerebellar granule cells. Similarly, all transfected GluN2C subunits in cultured cortical neurons appear to be expressed in tetrameric assemblies with GluN2A or GluN2B. This raises the possibility that diheteromeric GluN2C receptors may be rare or absent on the surface of central neurons when GluN2A or GluN2B is expressed. In addition, we show that receptor function differs for triheteromeric GluN1/GluN2A/GluN2C receptors compared with diheteromeric GluN1/GluN2A and GluN1/GluN2C receptors. In some cases (e.g., agonist potency), intermediate phenotypes might have been predicted. By contrast, there are no data in the literature from which to predict the interesting combination of biophysical properties displayed by GluN1/GluN2A/GluN2C channels we describe here. We will discuss the implications of these two findings in turn.
Functional GluN2C Subunits Preferably Express with
GluN2A-Containing NMDARs An important aspect of NMDAR biology is whether GluN2C subunits express on the neuronal surface as diheteromeric GluN1/ GluN2C assemblies or prefer to associate with GluN2A as triheteromeric receptors. Although granule cells express GluN2A and GluN2C after P14 (Akazawa et al., 1994) , NMDAR responses were not potentiated by PYD-106, which acts only on NMDARs containing two GluN2C subunits. However, CIQ potentiated re- GluN1/GluN2A C1 /GluN2A C2 , (B) GluN1/GluN2A C1 / GluN2C C2 , and (C) GluN1/GluN2C C1 /GluN2C C2 NMDARs illustrate multiple conductance levels. Direct sublevel transitions are indicated by asterisks.
(D) Fitted amplitude histograms from single-channel analysis of a representative patch with a GluN1/ GluN2A C1 /GluN2A C2 (A/A, black line, left axis), GluN1/GluN2A C1 /GluN2C C2 (A/C, gray, broken line, right axis), or GluN1/GluN2C C1 /GluN2C C2 receptor (C/C, black line, right axis) were fitted by the sum of 2-3 Gaussian distributions (smooth lines).
(E) All contiguous openings with a direct transition between two sublevels with different amplitudes and durations greater than 2.5 filter rise times were identified from the idealized record, and a scatterplot was made of the first initial amplitude and the second amplitude. The critical amplitude (A CRIT ) values (broken lines) were calculated as described in the STAR Methods to determine which conductance level each amplitude was assigned. The relative proportion of all direct transitions (determined by A CRIT ) is given for all possible transitions between sublevels in all patches. When multiple direct transitions occurred, only the first two were analyzed.
sponses, indicating the presence of functional GluN2C-containing NMDARs. A possible explanation of this result is that GluN2C-containing NMDARs on the neuronal surface contain only one GluN2C subunit. Further supporting this conclusion, PYD-106 potentiated granule cell responses in slices from Grin2A À/À mice, suggesting that NMDARs that contain two GluN2C subunits are functionally expressed in the absence of GluN2A. Hence, diheteromeric GluN2C-containing receptors appear to be capable of traveling to the surface of neurons, but GluN2C preferentially expresses with GluN2A when present, limiting the expression of diheteromeric GluN2C-containing NMDARs on the cell surface. Notably, PYD-106 did not potentiate NMDAR responses from cultured cortical neurons transfected with GluN2C, suggesting that this may be a general property of GluN2C in neurons. These findings provide a new picture of GluN2C biology, suggesting that GluN2C may only exist, at least in terms of functionality, as a triheteromeric receptor in the brain. Our findings are consistent with single-channel recordings from granule cells in cerebellar slices from wild-type rodents, which show conductance patterns similar to our triheteromeric receptors (Farrant et al., 1994) . Furthermore, single-channel conductance levels from granule cells in slices obtained from Grin2A À/À mice almost certainly arise from GluN1/GluN2C receptors (Takahashi et al., 1996) , consistent with our data showing PYD-106 sensitivity of NMDAR responses in Grin2A
neurons. Takahashi et al. (1996) conclude that different GluN2 subunits form distinct NMDARs in cerebellar granule cells and do not exclude the possibility that multiple GluN2 subunits may contribute to individual NMDARs in situ. This is consistent with our explicit demonstration of different channel properties in receptors that contain GluN1/GluN2A/GluN2A, GluN1/GluN2A/ GluN2C, and GluN1/GluN2C/GluN2C. We also note that multiple studies of cultured cerebellar granule cells Howe et al., 1988 Howe et al., , 1991 show larger conductances than we describe for GluN1/GluN2A/GluN2C receptors here, which likely reflect expression of GluN2B early in development, prior to expression of GluN2C (Iijima et al., 2008) . The synaptic time course is known to vary in granule cells as a function of development, which has been interpreted as a change in NMDAR subunit composition with time. There is an initial acceleration of the excitatory postsynaptic current (EPSC) time course (early postnatal development, P7-P14; Takahashi et al., 1996 , Lu et al., 2006 ) that correlates with inclusion of GluN1 alternative exon 5 (Prybylowski et al., 2000) and is absent in mutant mice lacking GluN2A, suggesting that this reflects a switch from GluN2B to GluN2A. Multiple lines of evidence, including altered Mg 2+ sensitivity and mRNA expression, suggest that a subsequent slowing of the deactivation time course in older animals reflects incorporation of GluN2C into the NMDAR (Akazawa et al., 1994; Takahashi et al., 1996; Cathala et al., 2000; Iijima et al., 2008) . The relative abundance of low-conductance channels in cerebellar granule cells (Farrant et al., 1994; Takahashi et al., 1996) that resemble GluN2C-containing NMDARs (Dravid et al., 2008; Stern et al., 1992) supports our interpretation that the intermediate deactivation time course for GluN1/GluN2A/GluN2C receptors accounts for the slowing of the synaptic NMDAR current (Cathala et al., 2000; Lu et al., 2006) . Our neuronal recordings at P20 also support expression of triheteromeric receptors at this age, although we cannot rule out expression of diheteromeric GluN2C receptors later than P28, the oldest age from which we recorded. Two potential explanations for the lack of diheteromeric GluN1/GluN2C receptors on the surface of P28 cerebellar granules cells and cultured cortical neurons are that GluN2C preferentially assembles with GluN2A or that GluN1/GluN2C diheteromers assemble but do not traffic efficiently to the cell surface. Consistent with reduced trafficking efficiency, GluN2C surface expression was reduced compared with GluN2A in a heterologous system and cultured granule cells, whereas total protein levels were similar (Lichnerova et al., 2014) . The differential regulation of GluN2A and GluN2C trafficking is not well understood, but two binding partners have been identified for GluN2C, 14-3-3 and sorting nexin 27; these proteins promote and restrict GluN2C surface expression, respectively, and do not interact with GluN1 or GluN2A (Cai et al., 2011; Chen and Roche, 2009; Chung et al., 2015) . In addition, a truncated GluN2C lacking the C-terminal domain is not expressed on the cell surface, whereas GluN2A and GluN2B lacking the C-terminal domain do traffic to the cell surface, albeit less efficiently than the full-length protein (Lichnerova et al., 2014) . Thus, GluN2C likely contains additional regulatory elements that restrict surface expression, and perhaps, inclusion of GluN2A in the tetramer overrides restrictions imposed by GluN2C and enhances surface expression of triheteromers compared with GluN1/GluN2C (Cai et al., 2011; Chen and Roche, 2009; Lichnerova et al., 2014) .
Triheteromeric GluN1/GluN2A/GluN2C Receptors Have Distinct Properties The data presented here shed light on unique properties of triheteromeric GluN1/GluN2A/GluN2C NMDARs that are distinct from diheteromeric GluN1/GluN2A or GluN1/GluN2C NMDARs. For many agonists, potentiators, and inhibitors as well as endogenous ligands, GluN1/GluN2A/GluN2C NMDARs had intermediate properties compared with diheteromeric receptors (Table 1;  Table S1 ). Interestingly, we found that Zn 2+ had a GluN1/ GluN2A-like effect on GluN1/GluN2A/GluN2C triheteromeric receptors, suggesting that GluN2A dominates the response to this endogenous modulator, similar to the effect of Zn 2+ on GluN1/ GluN2A/GluN2B NMDARs . We used a single-molecule approach to unequivocally record from triheteromeric receptors. Our analysis of single channel unitary currents identified three conductance levels for the triheteromeric GluN1/GluN2A/GluN2C NMDARs, which were clearly distinct from those observed in GluN1/GluN2A or GluN1/GluN2C receptors. The multiple levels in receptors containing three different subunits support the idea that, like a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPARs) (Jin et al., 2003; Rosenmund et al., 1998) , individual subunits in the NMDAR can also influence unique conductance levels. The single-channel properties observed here are consistent with those identified in cerebellar granule neurons (Farrant et al., 1994; Takahashi et al., 1996) , suggesting that the heterologous expression system faithfully reproduces native channel properties. Last, it appears that the triheteromeric receptors have unique burst properties that capture some aspects of GluN2A function (prominent burst-like activation) but maintain a low open probability and mean open time similar to GluN1/GluN2C NMDARs (Table 2) . Taken together, this work reveals the properties of GluN1/GluN2A/GluN2C receptors in both heterologous and native systems and provides important insight into the roles of GluN2C-containing NMDARs in brain physiology.
In summary, we have revealed unique functional properties of GluN1/GluN2A/GluN2C receptors that form a major portion of NMDARs in areas of the adult brain. Using pharmacological probes that can detect subunit composition, we have provided functional data suggesting that GluN2A and GluN2C subtypes are preferred partners for cell surface expression in cerebellar granule cells. These insights create a new precedent for considering the role of GluN2C as a modulatory subunit and emphasize the need to study receptors that have a subunit composition matching that in the CNS.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All procedures involving the use of animals were reviewed and approved by the Emory University IACUC. The subjects of this study were randomly selected male and female C57BL/6J mice (The Jackson Laboratory, 16-30 days of age, RRID: MGI:5650797). Animals were housed in fully supervised vivarium, attended by regular technical and veterinarian staff for regular animal welfare and husbandry. Each cage had at most four mice housed at the same time with ad libatum access to food and water. Animals from multiple breeder pairs or trios were randomly chosen for experimentation. Grin2A knockout (Grin2A À/À ) mice were generously provided by REAGENT where maximum is the response in saturating agonist, EC 50 is the concentration of agonist that produces a half-maximal response, and nH the Hill slope. The positive allosteric modulator concentration-response relationship was fitted by Response = ðmaximum--100Þ where maximum is the response in saturating modulator as a percent of control, EC 50 is the concentration of modulator that produces a half-maximal response, and nH the Hill slope. The negative allosteric modulator concentration-response relationship was fitted by where minimum is the response in saturating modulator as a percent of control, IC 50 is the concentration of modulator that produces a half-maximal inhibiting response, and nH is the Hill slope. Concentration-response curves were determined to calculate the EC 50 or IC 50 values for each experiment. For statistical significance, EC 50 values were determined for individual concentration-response curves for each oocyte, expressed as log 10 , which were then used to determine the 95% confidence intervals. The mean as well as lower and upper confidence limits were converted back to a linear value and reported as EC 50 or IC 50 (lower confidence limit, upper confidence limit) for each dataset. The probability of channel opening (P open ) was measured as previously described (Yuan et al., 2005) using MTSEA (Toronto Research Chemicals, Toronto, Canada, Cat. No: A609100) to covalently modify NMDARs that contained GluN1(A652C). NMDARs were activated by 100 mM glutamate and 30 mM glycine, and subsequently treated with 0.2 mM MTSEA. The change in current recorded after the bath application of MTSEA was calculated relative to the current produced without MTSEA in the bath. P open was calculated from
Equation 4 where Potentiation is the ratio of current in MTSEA to control and g MTSEA /g CONTROL is 0.67 (Yuan et al., 2005) .
Single Channel Recordings
Forty-eight hours prior to recording, the HEK293 Tet-On Advanced cells (Takara, RRID: CVCL_KU43) were plated on 50 mg/ml poly-D-lysine-coated 5 mm glass coverslips (Warner Instruments) placed in a 12 well plate. Calcium phosphate transfection method was used to transiently transfect these cells 24 h after plating with GluN1, GluN2A C1 , GluN2C C2 at a 1:1:1 ratio for a total of 200 ng of DNA per well. GluN1 was under control of an inducible promotor in the pTRE-tight vector, with GFP inserted between the inducible promoter and open reading frame of GluN1 (GFP and GluN1 were not expressed as a fusion protein; Hansen et al., 2014) . To decrease the cytotoxic effect of NMDAR expression on the cultured cells, the antagonists DL-APV (200 mM,) and 7-chlorokynurenic acid (200 mM, Tocris, Cat. No. 0237/10) were added to the culture medium. Doxycycline (5 ng/ml) was added to induce low level expression of GluN1, which controls the overall surface expression of NMDARs. Single channel recordings were made from excised outside-out patches 18 to 24 hr after transfection. All recordings were performed at room temperature (23 C). Fire-polished thick-wall electrodes (outer diameter 1.5 mm, inner diameter 0.86 mm, Warner Instruments) with a resistance of 9 to 14 MU were coated with SYLGARD 184 (World Precision Instruments) and used to pull outside-out patches from low expressing cells determined by the level of EGFP intensity. The intracellular recording solution was the same as that used for neuronal recordings as described above. The extracellular recording solution consisted of (in mM) 150 NaCl, 10 HEPES, 3 KCl, 0.5 CaCl 2 , 0.01 EDTA, and 30 D-mannitol (pH 7.4). 1 mM glutamate and 0.1 mM glycine were used to activate the NMDARs.
Excised outside-out patches were voltage clamped at a holding potential (V HOLD ) of À80 mV, filtered at 8 kHz (8-pole Bessel filter, À3 dB), and digitized at 40 kHz. These recordings were digitally filtered at 4 kHz (À3 dB) and idealized by fitting a filtered step response function to each transition (SCAN, David Colquhoun, University College London; Colquhoun and Sigworth, 1983 ). An open resolution of 40 ms and shut resolution of 40 ms was imposed on the data. The open and closed duration histograms were fitted with the sum of 3-6 exponential functions using maximum likelihood method (Channel Lab, Synaptosoft) . The mean open time, mean shut time, and open probability (P open ) were calculated from the summed duration of the individual openings. Bursts were identified using a critical time (Tcrit) that optimally separates the two slowest shut time components by minimizing the total number of misclassified events according to A 1 expð--T crit =t 1 Þ = A 2 ð1--expð--Tcrit=t 2 Þ Equation 5
